Introduction {#Sec1}
============

Recently, the scientific world celebrated the 150th anniversary of the release of Charles Darwin\'s seminal book *On the Origin of Species by Natural Selection*. Darwin\'s ideas (Darwin [@CR14]; Darwin [@CR15]) on natural and sexual selection have inspired generations of biologists, and we have now a fairly good comprehension of how selection acts within populations and how populations are transformed under the influence of selection pressures. It is important to realise, however, that much of our understanding of selection-induced changes relates to the process of *anagenesis*, the gradual evolution of whole populations. A similar understanding of the role of selection in *cladogenesis*, the splitting of species into reproductively isolated units, is largely lacking. Despite of its title, the *Origin* did actually not contribute much to resolving the question whether and how speciation is driven by natural selection. A sound understanding of speciation is of key importance for evolutionary theory, since the birth of new species is the crucial link between micro-evolution (that mainly occurs at or below the species level) and macro-evolutionary processes like adaptive radiations that largely occur above the species level. If speciation tends to be *adaptive*, that is, driven by directional forces like natural or sexual selection, then one could hope for achieving an overarching adaptive theory including both micro- and macro-evolution.

Darwin (*Origin*, chapter 4) envisaged speciation as the result of two processes: selection for diversification allowing the exploitation of previously unused opportunities, and the extinction of intermediate forms as a consequence of severe competition among these forms. Hence, according to Darwin, selection plays a major role in the speciation process. In fact, his view comes close to modern ideas on *competitive speciation* to be discussed below. However, Darwin\'s verbal arguments are often vague and not always convincing, partly because of his pre-Mendelian ideas on inheritance. It is partly for this reason that the founding fathers of the 'Modern Synthesis' largely discarded Darwin\'s view on speciation (Mayr and Provine [@CR70]), giving non-selective factors like geographic isolation a much more prominent role than selection.

Ever since Darwin, theoretical arguments have played an important role in debates on the causes of speciation. In the second half of the 20th century, more than 100 mathematical models have been developed to study the role of selection in speciation with gene flow (reviewed in Kirkpatrick and Ravigné [@CR51]). Although many of these models demonstrate that selection-driven speciation is possible in principle, they typically lead to the conclusion that selection-driven speciation will only occur under highly specific conditions or for rather extreme parameter combinations (Felsenstein [@CR29]). Accordingly, speciation models seemed to suggest that adaptive speciation is a rare and unlikely phenomenon. This conclusion is challenged by two recent developments in speciation theory, which seem to suggest that natural and sexual selection can be more powerful in the creation of new species than the traditional models seem to suggest. First, a variety of *ecological speciation models* has been developed (Dieckmann et al. [@CR19]) that show that Darwin\'s intuitive notion of competitive speciation can be given a theoretical underpinning. These models are based on a dynamic view of natural selection, allowing selection to switch from stabilising to disruptive in the same coherent framework. The realisation that Darwinian fitness is highly context dependent and dynamic, and that in a diversity of settings, natural selection can drive a population toward a regime of ongoing disruptive selection, makes selection-driven speciation more plausible than in traditional models. Second, various *sexual selection models of speciation* (Ritchie [@CR89]) give disruptive sexual selection a prominent place in the speciation process. Several studies (e.g., Turner and Burrows [@CR101]; Higashi et al. [@CR43]) demonstrate that, under specific circumstances, sexual selection may lead to the divergence of female preferences within a single population, eventually leading to reproductive isolation.

Both developments have initiated a fierce debate in the scientific literature. Models of speciation driven by disruptive selection are inherently complex and therefore have to make many simplifying assumptions. The question therefore arises whether the results of these models are general and representative for real-world systems, or whether instead, they mainly reflect modelling details or the choice of parameters and initial conditions. In case of ecological speciation models, the analysis is often based on concepts of adaptive dynamics theory, which have been heavily criticised (e.g., Waxman and Gavrilets [@CR111]) and defended (e.g., Doebeli and Dieckmann [@CR23]). The representativeness of simulation models of ecological speciation have been questioned (e.g., Gavrilets [@CR35]; but see Doebeli and Dieckmann [@CR23]) because of their assumptions on the genetic architecture of traits, their choice of parameters like mutation rate or population size, and their assumptions underlying the evolution of assortative mating (Matessi et al. [@CR66]). Likewise, models of speciation through disruptive sexual selection have been criticised (e.g., Van Doorn and Weissing [@CR106]; Arnegard and Kondrashov [@CR5]; Van Doorn et al. [@CR109]) because of their highly special initial conditions and the lack of stability of the incipient species in the face of ecological competition. For non-specialists (and not only for them!), it is increasingly difficult to judge the scope and validity of the arguments and counter-arguments in this debate. This is partly a consequence of the high degree of technical sophistication required for setting up and analysing adaptive speciation models. Moreover, proponents and opponents tend to base their views on model variants that differ to such an extent in their assumptions that the model outcomes are not directly comparable.

In situations like these, it is often impossible to say that one model variant is "inherently" better than an alternative one. Selection-driven speciation results from the intricate interplay of processes at the phenotypic level (where natural and sexual selection are operating) and at the genetic level (where, for example, linkage disequilibria have to evolve between ecological and mating characters), and models focusing simultaneously on both levels tend to be intractable. The more traditional speciation models tend to have their focus on genetic processes and are often quite sophisticated in this respect. On the downside, they often make simplistic assumptions on selection and mating, which cannot easily be given a mechanistic interpretation and which typically lack a population dynamical underpinning. In contrast, the adaptive dynamics school tends to derive fitness from first principles; fitness "emerges" from mechanistic and population dynamical considerations (Metz [@CR72]). On the downside, the assumptions on the underlying genetics are often simplistic and unrealistic. It is important to realise that both approaches have their virtues and their shortcomings; and that each approach sheds light on different aspects of the process of speciation. Although the diversity of models and model outcomes may look confusing, a pluralistic approach may actually be the best research strategy for achieving robust insights. Speciation theory is the prototype example of a research field where scientific truth can only be approached through the "intersection of independent lies" (Levins [@CR63]).

This contribution is an attempt to present some basic concepts of adaptive speciation theory in an intuitive, non-technical way, thereby helping the uninitiated to find their way through the thicket of arguments currently used in this field. We do not intend to give a comprehensive review of the field of speciation theory, since recent reviews are readily available (e.g., Turelli et al. [@CR100]; Kirkpatrick and Ravigné [@CR51]; Gavrilets [@CR34], [@CR35]; Coyne and Orr [@CR13]; Dieckmann et al. [@CR19]; Bolnick and Fitzpatrick [@CR10]; Ritchie [@CR89]). Instead, this is an informal discussion of a few models that highlight current thinking in speciation theory. Being the elaboration of a conference talk, this contribution is biased to our own work, and it does not address important aspects, such as the explanatory power of speciation models when applied to well-studied real-world systems (cichlids: Lande et al. [@CR61]; Gavrilets et al. [@CR38]; sticklebacks: Berner et al. [@CR7]; guppies: Labonne and Hendry [@CR57]; walking sticks: Nosil and Yukilevich [@CR75]; snails: Sadedin et al. [@CR92]; sea urchins and abalone: Van Doorn et al. [@CR108]; palms: Gavrilets and Vose [@CR37]). Throughout, we will focus on *adaptive* routes to speciation, that is, on speciation scenarios where the evolution of reproductive isolation and/or ecological differentiation is *directly* driven by selection (Baker [@CR6]).

This paper is structured as follows. In the next section, we will start with a classification of speciation models. Here, we will clarify our usage of the term 'adaptive speciation,' and the relationship between 'traditional' (i.e., allopatric), 'ecological', and 'sexual selection' models of speciation. We will then turn to ecological models of speciation, where disruptive natural selection leads to ecological differentiation and the evolution of assortative mating. Subsequently, we will review some sexual selection models of speciation, where Fisherian runaway selection leads to diverging preferences and subsequently to prezygotic isolation. After having assessed the merits and shortcomings of both types of model, we consider a *combined* model including both disruptive natural selection and diversifying sexual selection. Perhaps surprisingly, it will turn out that both factors, when acting on their own, are not able to induce speciation. Only when mate choice has an ecological component, speciation is readily achieved. Putting mate choice into an ecological setting is also the theme of the last section, where we consider the evolution of female preferences for male ornaments signalling the degree of adaptation to the local ecological conditions. In such a scenario, sexual selection and disruptive natural selection mutually reinforce each other and relatively easily bring about the simultaneous evolution of ecological differentiation and prezygotic isolation. We conclude this paper with a plea for an integrative approach to the speciation problem. The tendency to consider potential speciation mechanisms in isolation is perhaps understandable, but neither the assumptions nor the results of 'single factor' speciation models should be considered representative for the origin of species in the real world.

A classification of speciation models {#Sec2}
=====================================

If species are defined according to the biological species concept as "groups of actually or potentially interbreeding natural populations, which are reproductively isolated from other such groups" (Mayr [@CR68]; see also De Queiroz [@CR84]), the evolution of reproductive isolation is the crucial step in the speciation process. To this end, we can distinguish between of pre- and postzygotic isolation mechanisms. Many evolutionary biologists (but see Presgraves [@CR82]) consider a speciation process only as 'completed' once the incipient species have become prezygotically isolated from each other, that is, once hybridisation is prevented because of strong assortative mating. Accordingly, most speciation models try to explain the evolution of assortative mating preventing the interbreeding between nascent species. From an ecological point of view, reproductive isolation is, however, not sufficient for achieving a speciation event of lasting effect. In addition, ecological differentiation of the incipient species is required in order to allow their coexistence in a longer-term perspective.

Figure [1](#Fig1){ref-type="fig"} illustrates how reproductive isolation and ecological coexistence are achieved in three major classes of speciation models. The orange boxes and arrows indicate the *classical view of speciation*, as championed by Ernst Mayr ([@CR68], [@CR69]) and other architects of the Modern Synthesis. According to this view, speciation is typically preceded by externally induced reproductive isolation (e.g., by the advent of geographical barriers preventing gene flow between various parts of a population). Hence, at least initially assortative mating and prezygotic isolation come for free. However, the separated populations will only be considered 'true' species if they do not interbreed when the external barrier is removed again. There are various theories how this can be achieved. Virtually, all argue that the independent evolution of two separated parts of a population will lead to population divergence, which eventually will result in low-fitness hybrids, that is, postzygotic isolation. Once hybrids have low fitness, there should be selection against hybridisation, that is, selection for prezygotic isolation. Accordingly, a primary phase of (externally caused) reproductive isolation is followed by secondary postzygotic isolation, which, via a process called 'reinforcement' (Servedio [@CR96]; Servedio and Noor [@CR97]), results in secondary (internally caused) prezygotic isolation that keeps the incipient species apart even if they come into secondary contact again. Fig. 1Schematic classification of speciation models. Each speciation model has to explain the evolution of (post- and prezygotic) reproductive isolation and the evolution of ecological differentiation allowing the stable coexistence of the incipient species. (C) In *classical models of speciation* (*orange boxes* and *arrows*), reproductive isolation is initially caused by external events. The two isolated populations evolve separately, thereby gradually diverging from each other. Divergence is associated with the accumulation of genetic or other incompatibilities which result in a fitness reduction in hybrids and, hence, postzygotic isolation (C1). As a consequence, mechanisms preventing hybridisation are selectively favoured once the external cause of reproductive isolation is removed (reinforcement, C2). Accordingly, externally induced prezygotic isolation is replaced by internal prezygotic isolation mechanisms. Only few classical models address the coexistence problem. (E) In *ecological models of speciation* (*green boxes* and *arrows*) disruptive natural selection leads to ecological differentiation (E1), that is, to the evolution of distinct ecotypes that stably coexist in the face of ecological competition (E2). Reproductive isolation can evolve via two routes. Differentiation can be associated with postzygotic isolation, since hybrids may have reduced fitness because of their disfavoured intermediate phenotype. In this case, prezygotic isolation can subsequently evolve via reinforcement (E3). Alternatively, the traits leading to ecological differentiation are 'magic traits' in the sense that they directly lead to assortative mating and, hence, prezygotic reproductive isolation (E4). (S) In *sexual selection models of speciation* (*red boxes* and *arrows*) Fisherian runaway selection leads to the divergence of mating preferences (S1) which induce both prezygotic isolation (S2^*a*^; because females differing in preferences will mate with different types of males) and postzygotic isolation (S2^*b*^; because hybrids do not match the preferences of either type of female). At present, only few sexual selection models address the coexistence problem

Selection does not necessarily play a major role in the evolution of (secondary) reproductive isolation. It can be argued (Turelli et al. [@CR100]) that the evolution of secondary isolation mechanisms is an inevitable consequence of primary isolation. As long as two populations are isolated, there is no selection enforcing reproductive compatibility between the populations. Hence, any such compatibility mechanisms will eventually decay, leading to sister species that are reproductively incompatible. Two specific models for the accumulation of reproductive incompatibilities are the Dobzhansky--Muller model concerning the negative effects of gene substitutions in novel genetic backgrounds (Orr [@CR76]; Orr and Turelli [@CR77]) and Gavrilets\' model ([@CR32], [@CR35]) concerning evolution on 'holey' fitness landscapes.

However, the evolution of secondary reproductive isolation in diverging populations is speeded up considerably if it is driven by diversifying selection. For example, divergent natural selection in two populations facing slightly different ecological conditions leads to a rapid reduction of hybrid fitness, because of the accumulation ecological incompatibilities (Coyne and Orr [@CR13]) and the more efficient accumulation of genetic incompatibilities (Unckless and Orr [@CR103]). As noticed by Lande ([@CR58]), sexual selection can also speed up the evolution of both post- and prezygotic isolation. In fact, the direction of sexual selection can be quite arbitrary if it is driven by a Fisherian runaway process (Andersson [@CR4]). Accordingly, it is easy to conceive that mating preferences diverge in two isolated populations. When the primary cause of isolation is removed, the incipient species may have become secondarily isolated, both because of prezygotic (since members of one population are not found attractive by members of the other population) and postzygotic isolation (since hybrid offspring have low mating success in both populations). Intraspecific arms races caused by genetic or sexual conflict are an even more potent selective force driving isolated populations apart (Parker and Partridge [@CR79]; Gavrilets [@CR33]).

Hence, even in the classical models of speciation, natural and sexual selection can play an important role, be it in the evolution of postzygotic isolation (low hybrid fitness) or in the subsequent evolution of prezygotic isolation through reinforcement (Dobzhansky [@CR20]; Kirkpatrick and Servedio [@CR52]; Servedio and Noor [@CR97]). However, speciation is not initiated by selection, and selection only comes into play after parts of a population have become isolated due to external events. For this reason, we do not consider speciation via the classical model 'adaptive' and we reserve the term *adaptive speciation* to those events where directional forces like natural or sexual selection are really crucial for the initiation and completion of speciation (Baker [@CR6]). On the other hand, our usage of 'adaptive' speciation is much broader than that of (Dieckmann et al. [@CR19]), who reserve the term for speciation driven by highly specific forms of natural selection (see Gavrilets [@CR36]).

Figure [1](#Fig1){ref-type="fig"} also illustrates the two main adaptive routes to speciation, where either ecological differentiation or reproductive isolation is *directly* driven by disruptive selection. In ecological models of speciation (green boxes and arrows in Fig. [1](#Fig1){ref-type="fig"}), disruptive natural selection leads to differentiation in ecotypes, which in principle can stably coexist due to this differentiation. As we will discuss in the next section, the main problem of ecological models is to explain the evolution of assortative mating and, as a consequence, reproductive isolation. In most sexual selection models of speciation (red boxes and arrows), Fisherian runaway selection leads to diverging mating preferences and subsequently to prezygotic isolation. As we will see below, the main problem of these models is to explain the stable coexistence of the newly evolved species in the face of ecological competition.

Speciation through natural selection {#Sec3}
====================================

The idea underlying ecological speciation is simple and straightforward. Imagine a situation with two or more ecological niches, corresponding to fitness peaks on an adaptive landscape, where ecological specialists focussing on one of the niches have on average a higher fitness than a generalist. In such a situation, there is selection for ecological specialisation. Let us further make the plausible assumption that matings between two different specialists result in offspring with lower fitness, since these offspring are not adapted to any of the niches. Then there is selection for assortative mating to prevent these unproductive matings. If assortative mating is strong enough, an original species of generalists can evolve into two reproductively isolated species of specialists.

Starting with Maynard Smith ([@CR67]), there have been numerous attempts to model the scenario sketched above (reviewed by Kawecki [@CR49]). It soon turned out there are several important obstacles on the road to speciation (see Van Doorn [@CR105], chapter 1, for a detailed account). As noticed already by Mayr ([@CR69]), sustained disruptive selection, operating over many generations, is only achieved under highly restrictive and unrealistic conditions in classical population genetical models. Yet, even a stable regime of disruptive selection will typically not result in polymorphism but lead to the evolution of a single ecological specialist instead. Finally, if polymorphism is maintained, the evolution of assortative mating with respect to the ecological character under disruptive selection may be difficult to achieve. If the ecological character and the traits controlling assortative mating are induced by different sets of genes, the required association between mating traits and ecological traits may not easily evolve, since it is counteracted by recombination (Udovic [@CR102]; Felsenstein [@CR29]). Many evolutionary biologists have therefore concluded that speciation purely driven by disruptive selection (i.e., in the absence of external isolation mechanisms) is unlikely, unless the ecological character under disruptive selection happens to be a 'magic trait' (Gavrilets [@CR35]) that also controls mating.

This conclusion may have been premature. The traditional models on the evolutionary implications of disruptive natural selection were based on rather simple ecological (and genetic) assumptions. They typically involved two discrete ecological niches, a single ecological trait encoded by one gene locus with two alleles and relatively simple fitness relationships. Already in 1978, Rosenzweig argued by means of a graphical approach that the first two of the above-mentioned obstacles (the establishment of a stable regime of disruptive selection, and the maintenance of polymorphism) can be overcome if one adopts a more dynamic view of a fitness landscape. Rosenzweig\'s ideas precede the developments in modern selection theory, which explicitly take account of the change of a fitness landscape during the course of evolution. We will here discuss the concept of *evolutionary branching* developed in adaptive dynamics theory (e.g., Geritz et al. [@CR39], [@CR40]), but very similar concepts were developed in other areas of selection theory, including population and quantitative genetics (Abrams et al. [@CR1], [@CR2]; Day [@CR17]).

Figure [2](#Fig2){ref-type="fig"} illustrates the prototype example for evolutionary branching that forms the basis of the model of competitive speciation by Dieckmann and Doebeli ([@CR18]). Instead of starting with a discrete number of ecological niches, this model considers a consumer species that forages on a continuous spectrum of resources, in Fig. [2](#Fig2){ref-type="fig"}, illustrated by seeds varying in size. In the model, the resource distribution is externally given (green solid line in Fig. [2](#Fig2){ref-type="fig"}). The consumers differ in an 'ecological character,' which is Fig. [2](#Fig2){ref-type="fig"} is illustrated by bill size. The fitness of each type of consumer is determined by its food intake, which depends on two factors. First, the consumers differ in their ability to utilise various parts of the resource distribution in relation to their ecological character. For example, a large-billed bird is efficient in utilising seeds of large size (illustrated by the dashed line in Fig. [2a](#Fig2){ref-type="fig"}), but not efficient in exploiting seeds of small size. Second, the food intake rate depends on the amount of competition experienced from other consumers in the population. All other things being equal, a consumer of a given ecotype will have a lower food intake rate when many conspecifics compete for the same resources (i.e., are of a similar ecotype) than when the other members of the population focus on a different part of the resource spectrum. This latter factor makes fitness frequency dependent, that is, the fitness of a consumer depends on the distribution of ecological characters in the population. Accordingly, the fitness landscape is dynamic, since any change in the distribution of ecological characters will lead to a change in fitness of all ecotypes. Fig. 2Evolutionary branching in ecological speciation models. Individuals compete for resources, which, in this example, are represented by seeds of different sizes. Depending on its phenotype (*bill size*), an individual can utilise only a limited fraction (indicated by the *dashed resource utilisation curve*) of the full distribution of resources (*solid curve*). **a** When the mean bill size in the population does not match the most abundant resource, directional selection (*arrows*) pushes the phenotype to an intermediate value. This eventually leads to strong competition for the most abundant seeds (**b**). Since resources in the tails of the distribution are left unexploited, selection favours individuals with either small or large beak sizes. **c** Under the influence of disruptive selection, the population splits into two ecological specialists that evolve an optimal compromise (*arrows* indicate that selection eventually becomes stabilising) between foraging on the most abundant seeds and avoiding competition

The dynamic nature of the fitness landscape has important implications. Assume that, as illustrated in Fig. [2a](#Fig2){ref-type="fig"}, the consumer population consists of individuals with an ecotype (here: large-billed birds) that does not match the part of the resource spectrum where resources are most abundant (here: seeds of medium size). Then ecotypes with a better match (here: medium-billed birds) will have a selective advantage and eventually replace the original ecotype. Hence, selection is directional, and it will proceed until the situation in Fig. [2b](#Fig2){ref-type="fig"} is reached, where the dominant ecotype in the population perfectly matches the dominant type of resource. Now several things can happen. If the dominant ecotype in the situation of Fig. [2b](#Fig2){ref-type="fig"} has a broad 'resource utilisation curve' (symbolised by the dashed line), it can cover the whole resource spectrum. In a case like this, no alternative ecotype can invade, and there is stabilising selection for the ecotype matching the peak of the resource distribution. Figure [2b](#Fig2){ref-type="fig"} illustrates the opposite case where the resource utilisation curve is narrow when compared to the resource distribution. Now the resident population is very efficient in exploiting the dominant resource (medium-sized seeds), but it leaves major parts of the resource spectrum unexploited. Ecotypes specialised on the unexploited part of the resource spectrum (i.e., small- and large-billed birds) actually have a selective advantage when rare, since they are less affected by competition by conspecifics. Yet, they cannot take over the population, since in that case directional selection would shift the consumer population back to the original state in Fig. [2b](#Fig2){ref-type="fig"}. Instead, selection favours 'evolutionary branching,' that is, the replacement of the originally monomorphic population by a polymorphism of two (or more) ecotypes that together exploit a broader range of the resource spectrum.

In an asexual population, evolutionary branching is indeed sufficient to achieve the transition from Fig. [2b to c](#Fig2){ref-type="fig"}, that is, to induce the evolution of several coexisting ecotypes. In sexual populations, the situation is more complicated, since random mating between the branches will lead to hybrids of intermediate ecotype, thereby counteracting the tendency towards ecological specialisation. In addition to evolutionary branching, assortative mating has to evolve, which prevents hybridisation between differently specialised ecotypes. As shown by Dieckmann and Doebeli ([@CR18]), assortative mating can indeed get off the ground in various ways, leading to the stable coexistence of reproductively isolated ecotypes and, hence, speciation. From this, Dieckmann and Doebeli conclude that the verbal arguments of Darwin ([@CR14]) and the graphical approach of Rosenzweig ([@CR90]) were essentially correct and that competitive speciation completely driven by disruptive natural selection is indeed a plausible scenario.

For competitive speciation to occur, it is crucial that the fitness landscape is not fixed, but that selection is frequency dependent. A population is only subject to disruptive selection if it happens to be located in a "fitness valley." If the fitness landscape is fixed, fitness valleys also have a fixed location. It is quite unlikely in the first place that a population finds itself in such a valley. Even if it does, the valley and, hence, the regime of disruptive selection will rapidly be left, since selection tends to increase fitness ("climbing uphill the fitness landscape"). In contrast, frequency-dependent selection corresponds to a climb on a "wiggling landscape" where new fitness peaks and valleys appear in the course of evolution (McNamara and Weissing [@CR71]). If the requirements for evolutionary branching are met (as in the Dieckmann--Doebeli model), a fitness valley appears in a natural way on the evolutionary trajectory of a population. In other words, selection shifts the population to an emerging fitness valley and keeps it in the corresponding regime of disruptive selection for extended periods of time. The latter is important, since it provides time and opportunity for assortative mating to evolve.

Although the early literature on speciation (e.g., Udovic [@CR102]) already realised the importance of frequency-dependent selection, we consider evolutionary branching an important conceptual breakthrough. Compared to the more traditional speciation models, the adaptive dynamics approach has two main advantages. First, the fitness of the various genotypes is not a priori given by some fixed parameters or functional relationships, but instead derived from population dynamical considerations. As a consequence, adaptive dynamics models are to a much higher degree "ecologically consistent" than earlier population genetical approaches. Moreover, the derivation of fitness from more basic underlying principles regularly reveals new sources of frequency dependence that in classical models remained undetected. Second, adaptive dynamics theory provides simple and transparent criteria allowing to judge in a relatively straightforward way whether, and under what conditions, a given ecological scenario can lead to evolutionary branching. The above example of branching induced by the competition of a consumer species for resources may appear specific, but in the last decade a multitude of ecological scenarios have been identified where evolutionary branching is expected to occur (Dieckmann et al. [@CR19]; Doebeli et al. [@CR24]). Not surprisingly, these scenarios can as easily give rise to ecological speciation (Doebeli and Dieckmann [@CR22], [@CR23]) as the example in Fig. [2](#Fig2){ref-type="fig"}. Accordingly, the adaptive dynamics approach of Dieckman and Doebeli shifts the attention away from modelling details and towards robust features of the ecological interaction structure.

Despite these advantages, the Dieckmann--Doebeli approach has attracted much criticism and ignited a lively debate in the scientific literature. One point of concern is related to the fact that speciation is not the only possible outcome when a population is subject to evolutionary branching (Rueffler et al. [@CR91]). Whether or not speciation will occur does to a large extent depend on the model structure and to the constraints imposed on the availability of genetic variation. The situation of Fig. [2b](#Fig2){ref-type="fig"}, for example, does only lead to disruptive selection because the resource utilisation curve of the consumers is narrow when compared to the resource spectrum. In the Dieckmann--Doebeli model, the width of the resource utilisation curve is fixed and not able to evolve. If this were not the case, it is conceivable that selection would lead to the evolution of a single ecological generalist (with a broad resource utilisation curve) rather than several coexisting specialists. The evolution of sexual dimorphism (where males and females specialise on different parts of the resource spectrum) or of phenotypic plasticity would also be an alternative to speciation (Bolnick and Doebeli [@CR9]; Van Dooren et al. [@CR104]).

The main critique on the Dieckmann--Doebeli model is directed at the claim that reproductive isolation will evolve relatively easily when the conditions for evolutionary branching are satisfied. Several studies suggest that the conditions for the evolution of strong assortative mating are actually quite restrictive (e.g., Matessi et al. [@CR66]; Gourbiere [@CR41]; Gavrilets [@CR35], [@CR36]; Waxman and Gavrilets [@CR111]; Polechová and Barton [@CR81]; but see also Doebeli and Dieckmann [@CR23]; Doebeli et al. [@CR24]). Part of the debate centres on technical aspects, for example the question whether speciation will still occur for more realistic initial conditions, an increased number of loci, more realistic mutations rates, the inclusion of mutations of larger effect size, or the removal of constraints on the range of possible phenotypes (see Gavrilets [@CR35]; Polechová and Barton [@CR81]; Bürger et al. [@CR11]). A more fundamental line of attack concerns the implementation of assortative mating. In the Dieckmann--Doebeli model, no costs are associated with assortative mating, while it seems plausible that choosiness always involves at least some costs (Andersson [@CR4]). In the initial phase of speciation, selection in favour of assortative mating is rather weak, and even small costs might prevent that assortative mating gets off the ground. In addition, the fitness penalty associated with assortative mating should be frequency dependent, since rare phenotypes will have more difficulty in finding a mate of similar phenotype than common ones. Hence, costly mating is associated with stabilising selection, which at least to some extent should counteract the disruptive selection driving the speciation process. It is therefore not too surprising that studies including costs of assortative mating (e.g., Matessi et al. [@CR66]; Bolnick [@CR8]; Kirkpatrick and Nuismer [@CR50]; Schneider and Bürger [@CR94]; Pennings et al. [@CR80]; Kopp and Hermisson [@CR55]; Ripa [@CR88]) arrive at the conclusion that even small costs frustrate the evolution of reproductive isolation, or that in the presence of costs, speciation is not completed since assortative mating only evolves to a moderate level.

We can conclude that the Dieckmann--Doebeli model has certainly not removed all obstacles on the road to selection-driven speciation. Several studies (e.g., Polechová and Barton [@CR81]; Ripa [@CR88]) even come to the conclusion that competitive speciation is more difficult (or even impossible) to achieve in scenarios with a continuous unimodal resource distribution. Although the debate is far from over, consensus emerges that ecological speciation driven by evolutionary branching is less likely than the original Dieckmann--Doebeli model seems to suggest.

Speciation through sexual selection {#Sec4}
===================================

As illustrated by the above discussion, the evolution of reproductive isolation is still a weak aspect of ecological speciation models. In the realm of ecological models, most attempts to study reproductive isolation are based on submodels for the evolution of assortative mating ('like mates with like'). The simplest models (and the ones most easily leading to speciation) are those where assortative mating is directly based on the ecological character under disruptive selection. This is, for example, a plausible scenario when the ecological trait is related to habitat choice, and mating takes place in the habitat. In general, however, mating will be based on signals that are only loosely related to the ecological characters in question. To address situations like this, more sophisticated models of assortative mating consider the evolution of a marker trait on which assortative mating can be based. As noticed by Felsenstein ([@CR29]), speciation is much more difficult to achieve in the latter type of models, since (1) the marker trait needs to remain polymorphic, and (2) the marker trait needs to become genetic correlated with the ecological character under disruptive selection. A variety of assortative-mating models has been comprehensively reviewed by Gavrilets ([@CR35], chapter 10). Most of these models were constructed from the viewpoint of mathematical convenience. From a behavioural point of view, these models (e.g., the ones in Dieckmann and Doebeli [@CR18]) are not very convincing, since they cannot easily be translated into a plausible mechanism of mate choice. The lack of mechanistic detail is perhaps responsible for the fact that most assortative mating models used in speciation theory make the unrealistic assumption that assortative mating has no cost (Schneider and Bürger [@CR94]). As discussed above, the inclusion of such costs has major implications for the evolution of reproductive isolation.

Sexual selection theory provides another approach to the selection-driven evolution of reproductive isolation. Technically speaking, any form of (assortative) mating where not all individuals have the same mating success may be subsumed under the heading 'sexual selection' (as many authors do, e.g., Gourbiere [@CR41]; Pennings et al. [@CR80]). Here, we use the term in a more narrow sense, in order to indicate the evolution of female preferences for male ornaments, which may or may not be indicators of genetic or phenotypic quality. In other words, we will focus on some of the standard models of sexual selection theory (Andersson [@CR4]), which are well elaborated and studied, and which tend to be much more 'mechanistic' than the before-mentioned models of assortative mating. Most sexual selection models are more complex than assortative mating models, but they have the considerable advantage that costly female preferences can evolve from scratch, whereas costly assortative mating cannot easily get off the ground.

Fisher ([@CR30], 1958) was probably the first to recognise the potential role of sexual selection for the process of speciation. In his seminal book, he describes a "runaway process" where mating preferences for quite arbitrary secondary sexual characters (henceforth called "ornaments") can rapidly evolve in a self-reinforcing way. Fisher realised that runaway sexual selection may be a potential mechanism for rapid speciation, since if a runaway process occurs in an isolated population, the newly evolved preferences and ornaments may immediately lead to prezygotic reproductive isolation. Lande ([@CR58], [@CR59]) later formalised these ideas in a quantitative genetic model, again stressing the importance of Fisherian runaway for speciation (see also Lande and Kirkpatrick [@CR60]).

The ideas of Fisher and Lande were mainly applied in the context of allopatric or parapatric speciation, that is, in the presence of externally induced reproductive isolation. More recently, several simulation studies (Wu [@CR113]; Turner and Burrows [@CR101]; Van Doorn et al. [@CR107]; Higashi et al. [@CR43]) led the authors to conclude that sexual selection on its own (i.e., in sympatry) is able to induce speciation. Under specific circumstances, female preferences and the corresponding male ornaments can diverge, thereby leading to reproductive isolation and speciation. Based on a specific model for speciation induced by the evolution of gamete-recognition proteins, Van Doorn et al. ([@CR108]) argue that the mechanism underlying the divergence of male and female mating types is very similar to the divergence of ecotypes due to evolutionary branching. Their argument is quite general and also applies to speciation via the divergence of female preferences and male ornaments (Van Doorn and Weissing [@CR106]).

This is illustrated in Fig. [3](#Fig3){ref-type="fig"}. Assume for the moment that there is a fixed spectrum of female preferences, illustrated by the solid bell-shaped curves in Fig. [3](#Fig3){ref-type="fig"}. The dashed lines corresponding to specific variants of the male ornament indicate the propensity of females with a given preference to mate with this type of male. If the males in a population are endowed with an ornament that does not match the modal preference in the female population (Fig. [3a](#Fig3){ref-type="fig"}), there will be directional selection on the ornament, shifting the ornament toward the peak of the female preference distribution. Once this peak is reached (Fig. [3b](#Fig3){ref-type="fig"}), the course of further evolution will depend on the variation of preferences in the female population. If female preferences show a narrow distribution, the males present in the population can mate with all types of female. As a consequence, there will be stabilising selection on the male ornament. If, however, the distribution of female preferences is broader than the 'utilisation curve' associated with the ornament (the situation depicted in Fig. [3b](#Fig3){ref-type="fig"}), the extreme preferences remain 'unexploited' by the males. As in the context of resource competition (Fig. [2b](#Fig2){ref-type="fig"}), the combination of intense competition among the predominant types (here: competition of males with the predominant type of ornament) and the presence of unexploited opportunities (here: extreme female preferences) leads to disruptive selection on the male ornament. This will eventually lead to the divergence of male ornaments through a process analogous to evolutionary branching (Fig. [3c](#Fig3){ref-type="fig"}). Fig. 3Evolutionary branching of male ornaments in case of a broad distribution of female preferences. Competition for access to mates among males is comparable (and mathematically equivalent) to ecological resource competition (Fig. [2](#Fig2){ref-type="fig"}). Males with a given phenotype (here plumage coloration) may only be acceptable as mates to a subset of the females in the population (indicated by the *grey dashed curves*; analogous to the resource utilisation curve in Fig. [2](#Fig2){ref-type="fig"}), if the population features a broad distribution of females preferences (*solid black curve*; analogous the resource distribution in Fig. [2](#Fig2){ref-type="fig"}). **a** Under the influence of directional selection the male ornament evolves to match the most common female preference. **b** After directional selection has vanished, the ornament is subject to disruptive selection if the distribution of preferences is broad. **c** Indirect competition for access to mates between the males may then induce the population to split into different male types (here, *red* and *blue males*)

The main difference between Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} lies in the fact that female preferences are not static, but coevolving with the male ornaments. If female fitness associated with a certain preference is positively related to the abundance of preferred males, male ornament branching will be followed by female preference branching, that is, the distribution of female preferences will become bimodal, the modes matching the male ornaments (like in the two lower panels in Fig. [4](#Fig4){ref-type="fig"}). Since the genes for a given preference become genetically correlated with the genes for the corresponding ornament, the evolved situation corresponds to assortative mating. If assortative mating is strong enough, two reproductively isolated populations result, each with a particular type of female preference and the corresponding male ornament. In line with these verbal arguments, speciation via two diverging runaway processes do indeed readily occur in both simulation and analytical models (e.g., Higashi et al. [@CR43]; Takimoto et al. [@CR99]; Van Doorn and Weissing [@CR106]). Fig. 4Speciation through the joint action of disruptive natural and sexual selection. The *three panels* show the distribution of an ecological character (*bill size*; *green*), a female preference (*red*) and a male ornament (plumage colour; *blue*) through 4,000 generations of evolution in an individual based simulation (adapted from Van Doorn and Weissing [@CR106]). This simulation assumes that the distribution of seeds is broad relative to the range of seeds that can be consumed by an individual with a given bill size, such that the population experiences disruptive selection on bill size (as in Fig. [2](#Fig2){ref-type="fig"}). In addition, females have specific preferences, favouring diversification of the male ornament (as in Fig. [3](#Fig3){ref-type="fig"}). Early on in the simulation, the population becomes variable for all three characters, but speciation occurs only after bill size and mating characters have become statistically associated (after generation 3,000). The result is two reproductively isolated species that can coexist since they partially avoid competition for seeds with one another

However, as stressed above the presence of sufficient initial genetic variation of female preferences is a prerequisite for the above route to speciation via the divergence of female preferences and male ornaments. How, then, is this variation achieved in the first place? As noticed by Higashi et al. ([@CR43]) and shown more generally by Van Doorn et al. ([@CR109]), a Fisherian runaway process will typically *not* result in sufficient variation in preferences. Accordingly, additional factors are required to achieve speciation. Three scenarios for the generation of sufficient variation in preferences have been discussed in the literature.

First, Higashi et al. ([@CR43]) considered the possibility that a sudden change in environmental conditions changes the parameters of mate choice in such a way that previously hidden genetic variation of female preferences is suddenly exposed. For example, it has been argued that the decline in haplochromine cichlid diversity in Lake Victoria was caused by the deterioration of underwater light conditions, because the increased turbidity of the water compromised female mate choice based on male coloration (Seehausen et al. [@CR95]). Under turbid conditions, there can be substantial genetic variation in female preferences that never gets expressed, since the females are not able to tell different male colors apart. If the water would suddenly become clear again, this variation would suddenly become expressed, possibly leading to new speciation events as described above. Although this path to speciation through sexual selection is possible in principle, we do not consider it very likely because it will only occur if the change in environment is sudden and large (see Higashi et al. [@CR43]; Fig. 2, Arnegard and Kondrashov [@CR5]).

Second, substantial genetic variation of female preferences can be maintained if selection on preferences is very weak or absent and if new preferences genes are created by mutation at a high rate (e.g., Wu [@CR113]; Takimoto [@CR98]). As argued by Van Doorn et al. ([@CR108]), this combination of weak selection and high mutation rates might be responsible for the high speciation rates in marine invertebrates. In general, however, we do not consider this a likely scenario. Moreover, one might argue that speciation in this case is not really adaptive, since it relies on non-adaptive processes like the accumulation of mutations.

Third, a broad distribution of female preferences might be created and maintained by disruptive selection (Van Doorn et al. [@CR109]; see also Lande et al. [@CR61]; Almeida and de Abreu [@CR3] for models involving mutual mate choice). This typically requires a rather intricate interplay of different selective pressures, at least, if the divergence of mating preferences has to be accompanied by a simultaneous divergence of male ornaments to generate reproductive isolation. The reason is that the conditions for female preference branching are mutually exclusive with the conditions for male ornament branching in standard models of sexual selection (Van Doorn et al. [@CR109]), such that an additional, independent source of disruptive selection on the mating traits is necessary to initiate speciation. Additional disruptive selection can arise from various sources. Van Doorn et al. ([@CR109]) present a concrete example where mate choice is combined with disruptive intrasexual selection generated by male--male competition, demonstrating that diversifying selection on female preferences can lead to truly adaptive speciation (that is, speciation fully driven by sexual selection).

We may conclude that speciation through sexual selection, driven by diverging Fisherian runaway processes, is a possibility---at least in theory. However, speciation is either not really adaptive (since it relies on abrupt changes of the environment or on mutation accumulation) or it requires the simultaneous action of multiple sources of selection (diversifying selection on female preferences combined with diversifying selection on male ornaments). Accordingly, the conditions for speciation through sexual selection are much more restrictive than the first models seemed to suggest (see also Arnegard and Kondrashov [@CR5]).

Moreover, we have not yet addressed the coexistence problem (Fig. [1](#Fig1){ref-type="fig"}). Even if speciation through diverging female preferences does occur, the disruptive forces involved are typically weak and unable to support the stable coexistence of the incipient daughter species in the face of ecological competition. In fact, the outcome of speciation through Fisherian runaway selection is typically rather labile (e.g., Takimoto et al. [@CR99]). As illustrated by the two lower panels in Fig. [5](#Fig5){ref-type="fig"}, in the absence of ecological divergence, the splitting into daughter species is usually only a transient phenomenon. Due to stochastic factors, one of the daughter species may achieve a higher abundance than the other, and the low-abundance species will typically go extinct (Johansson and Ripa [@CR47]). Fig. 5No speciation despite disruptive sexual selection. Without disruptive natural selection on bill size (*green*), polymorphisms in female mating preference (*red*) and male ornamentation (*blue*) are not maintained, due to competitive exclusion. In this case, we assumed a narrow ecological resource distribution that did not offer opportunities for ecological diversification. Adapted from Van Doorn and Weissing ([@CR106])

Interplay of natural and sexual selection {#Sec5}
=========================================

As argued above, ecological and sexual selection models of speciation both have their virtues and their limitations. The new generation of ecological models are based on evolutionary branching, which provides a plausible mechanism for the generation of a stable regime of disruptive selection and the maintenance of polymorphism. These are important prerequisites for ecological differentiation and eventually the divergence into daughter species that can stably coexist since they inhabit different ecological niches. However, ecological differentiation is not sufficient for achieving speciation (Fig. [1](#Fig1){ref-type="fig"}). In view of the inherent complexity of speciation models, it is perhaps not surprising that 'branching models,' with their focus on the mechanisms underlying ecological differentiation, tended to give limited attention to the mechanisms underlying the evolution of a mating structure that leads to reproductive isolation. This is now changing gradually, and the mating process, in particular the costs of choosiness, receive more attention in the recent literature on ecological speciation (e.g., Matessi et al. [@CR66]; Kirkpatrick and Nuismer [@CR50]; Doebeli [@CR21]; Schneider and Bürger [@CR94]; Pennings et al. [@CR80]; Kopp and Hermisson [@CR55]; Ripa [@CR88]). Yet, only Doebeli ([@CR21]) takes a mechanistic view on the process, and virtually all models consider the direct evolution of assortative mating. In comparison with direct assortative mating (which almost invariably induces some form of stabilising selection), diversifying selection on female preferences and associated male ornaments might be a more potent and more plausible mechanism for achieving reproductive isolation. Sexual selection models of speciation have demonstrated that this may indeed be the case, provided that there are mechanisms leading to variation in female preferences. However, with a few exceptions, these models have neglected the necessity of ecological differentiation to achieve the stable coexistence of the incipient species.

Hence, ecological models of speciation require assortative mating, the evolution of which might be explained by sexual selection. On the other hand, sexual selection models require ecological differentiation for the coexistence of incipient species. Therefore, it has been argued (e.g., Galis and Metz [@CR31]) that in real-world systems, speciation relies on the interplay of sexual selection and ecological processes. It is therefore surprising that rather few speciation models (e.g., Kondrashov and Kondrashov [@CR54]; Van Doorn et al. [@CR108]) include both disruptive natural and disruptive sexual selection. To our knowledge, the treatment of Van Doorn and Weissing ([@CR106]) is the only coherent study where the evolution of ecological differentiation through evolutionary branching and the divergence of mating preferences through Fisherian runaway selection is systematically investigated, both analytically and by means of computer simulations. Since this study is not easily accessible, we will discuss its main results in some detail.

In this model, an ecological character (in the figures represented by bill size) coevolves with a male ornament (e.g., plumage coloration) and female preferences for this trait. The ecological part of the model corresponds to that of the Dieckmann--Doebeli model (illustrated in Fig. [2](#Fig2){ref-type="fig"}) where evolutionary branching of the ecological character is to be expected whenever the resource distribution (e.g., the distribution of seed sizes) is broader than the resource utilisation curve (the spectrum of seeds that can be consumed by a bird with a given bill size). The sexual selection part of the model considers the evolution of a (costly) female preference for a (costly) male ornament. As illustrated in Fig. [3](#Fig3){ref-type="fig"}, evolutionary branching of the male ornament is to be expected if the distribution of female preferences is sufficiently broad. In the model, this can be achieved by a combination of weak selection and a large influx of new mutations: female preferences will become sufficiently variable if the costs of being choosy are small and if the distribution of new preference mutations is relatively broad. For reasons to be discussed below, the model considers the possibility that mating is not only determined by ornaments and preferences, but also by the degree of matching of the ecological character. The fixed level of assortative mating based on ecology turned out to be a model parameter of crucial importance.

Figure [4](#Fig4){ref-type="fig"} shows a simulation where speciation occurs through the joint action of disruptive natural and sexual selection. In a first phase (the first 1,000 generations), the ecological character evolves toward its ecological optimum (here: medium bill size). Once this point is reached, the population experiences disruptive selection (the variation of bill sizes increases), but cannot undergo evolutionary branching, because assortative mating has not yet evolved. During this initial stage (\<1,500 generations), male ornaments and female preferences evolve jointly toward that value of the ornament that maximises male survival. Several times (e.g., in generation 600), polymorphisms of ornaments and preferences originate, but these are unstable due to competitive exclusion and viability selection against extreme ornaments. After 1,500 generations, branching of ecotype and mating strategies repeatedly splits the population into groups that are ecologically differentiated and/or reproductively isolated. At first, these splitting events are only transient, until after about 3,000 generations a stable situation results, with two ecologically differentiated groups that are, at the same time, reproductively isolated. In the simulation shown, two daughter 'species' have evolved: a large-billed species with blue males and female preference for blue, and a small-billed species with red males and female preference for red.

It is not surprising that speciation only occurs if the conditions for ecotype branching (broad resource distribution, narrow resource utilisation curve) and for mating strategy branching (small costs of choosiness, sufficient influx of preference mutations) are both satisfied. Figure [5](#Fig5){ref-type="fig"} illustrates what happens for parameter combinations that preclude the occurrence of ecotype branching. In comparison to Fig. [4](#Fig4){ref-type="fig"}, only the width of the resource utilisation curve was increased in relation to the resource distribution, implying that the consumer species is now an ecological generalist rather than a specialist. The upper panel in Fig. [5](#Fig5){ref-type="fig"} shows that the species converges rapidly to its ecological optimum (a bill of medium size) and that it stays there with little variation because of stabilising selection. In contrast, the population is repeatedly split into reproductively isolated subpopulations with opposing mating strategies. However, these incipient daughter 'species' cannot stably coexist, because they are ecologically not differentiated but nevertheless have to compete for the same resources. In a situation like this, all but one of the subpopulations will be driven to extinction.

Figure [6](#Fig6){ref-type="fig"} illustrates the situation when the conditions for ecotype branching are satisfied, but sexual selection does not become disruptive because the influx of new mutations is too low to sustain sufficient variation in female preferences. Disruptive selection on the ecological character leads to a broad distribution of bill sizes (Fig. [6](#Fig6){ref-type="fig"}, upper panel), but speciation does not occur, because stabilising selection on mating strategies precludes the evolution of assortative mating. Fig. 6No speciation despite disruptive natural selection. If females accept a broad range of mating partners, competition between males does not favour diversification among males. Rather, sexual selection favours the male ornament type (*blue*) that matches optimally with the most abundant female preference (*red*). Accordingly, there is no basis for reproductive isolation that could prevent interbreeding between individuals with different bill sizes (*green*). Although natural selection on bill size is disruptive, we, therefore, do not observe the emergence of two ecological specialists. Rather, disruptive selection leads to the maintenance of a broad unimodal distribution of bill sizes in the population. Adapted from Van Doorn and Weissing ([@CR106])

It is important to realise that the simultaneous occurrence of disruptive natural selection and disruptive sexual selection is necessary but not sufficient for selection-driven speciation. Besides polymorphism of ecotypes and mating strategies, it is also required that, during speciation, linkage disequilibrium (i.e., genetic correlation) develops between ecological and mating strategies (Felsenstein [@CR29]; Rice [@CR87]). Only then will evolutionary branching of ecotype and mating type result in the evolution of reproductively isolated and---at the same time---ecologically differentiated species. This can be derived from Fig. [7](#Fig7){ref-type="fig"}, which depicts for the model considered here under which conditions speciation is to be expected. The figure was derived from the mathematical analysis of an adaptive dynamics approximation of the simulation model (for details, see Van Doorn and Weissing [@CR106]). A quantitative genetics approximation yielded almost identical results. Fig. 7Parameter regime leading to speciation through the interaction of natural and sexual selection. Disruptive selection on ecological characters (*bill size*) and mating traits (female preference and male ornament), is a necessary but not sufficient condition for speciation in the model by Van Doorn and Weissing ([@CR106]). The evolution of reproductively isolated and stably coexisting species requires that the genes responsible for reproductive isolation become associated with the genes responsible for ecological divergence (this occurs in the orange area). Such an association does not easily arise by chance, since recombination tends to rapidly break down any non-random association between genes. However, if mating is partially based on ecological characters (for example, individuals with similar bill sizes may forage in the same areas, and may therefore be more likely to mate), then this can provide a counterforce against the erosion of associations between genes by recombination. A minimal strength of the effect of ecological differences on mating (the *horizontal axis* reflects the specificity of self-referent phenotype matching based on *bill size*), is necessary for speciation to occur (*orange area*) in combination with sufficiently strong disruptive selection (*vertical axis*)

From Fig. [7](#Fig7){ref-type="fig"}, it becomes apparent that speciation does *not* occur for parameter combinations where mating is solely dependent on sexual selection, that is, the match between female preferences and male ornaments (left-hand side of Fig. [7](#Fig7){ref-type="fig"}). In other words, for speciation to occur, disruptive natural and sexual selection have to be 'assisted' by at least some degree of assortative mating based on the ecological character. Otherwise, the required genetical correlation between ecological and mating strategies does apparently not evolve. However, in the presence of such assortative mating, the conditions for the evolution of ecological differentiation become more restrictive. This is apparent from the fact that the threshold for the strength of disruptive natural selection required to achieve evolutionary branching of the ecological character increases (linearly) with the degree of assortative mating. In other words, for branching to occur in the Dieckmann--Doebeli part of the model, the discrepancy between the width of the resource distribution and the width of the resource utilisation curve (see Fig. [2](#Fig2){ref-type="fig"}) has to be larger than the analysis in a randomly mating population would suggest. The same observation has been made in other models (e.g., Kirkpatrick and Nuismer [@CR50]; Kopp and Hermisson [@CR55]; Pennings et al. [@CR80]; Ripa [@CR88]), and it is explained by the fact that assortative mating induces stabilising selection when choosiness is costly. This stabilising selection counteracts and thus weakens disruptive selection on the ecological character and, hence, makes branching more difficult.

The analytical results underlying Fig. [7](#Fig7){ref-type="fig"} were largely confirmed by extensive computer simulations (for details, see Van Doorn and Weissing [@CR106]), in the sense that speciation did not occur when the simulation parameters were in the blue region of Fig. [7](#Fig7){ref-type="fig"} ('no ecological diversification') and that the probability of speciation within a given time period was highest when the parameters were in the orange region ('speciation'). However, speciation regularly occurred in the yellow region ('maintenance of genetic variation in ecotype') as well and, in particular, also in the absence of assortative mating based on ecotype. This discrepancy can to a large part be explained by the stochasticity inherent in computer simulations, which allows the build-up of the genetic associations between ecological and mating strategies that are required for speciation (for details, see Van Doorn and Weissing [@CR106]). By assuming an infinite population size, the analytical model neglects demographic and genetic stochasticity and therefore requires an external factor (here: some assortative mating based on ecotype) to accomplish a genetic association between ecological and mating strategies.

Ecological and sexual selection models are often viewed as contrasting approaches to speciation. In the empirical literature, repeatedly attempts are being made to determine whether speciation events are 'typically' driven by ecological factors or by sexual selection (e.g., Wilson et al. [@CR112]; see also Panhuis et al. [@CR78]; Schluter [@CR93]; Ritchie [@CR89]). The model discussed above takes a more integrative perspective by viewing the evolution of ecological differentiation and the evolution of assortative mating are mutually dependent processes that are both required for adaptive speciation. Ecological differentiation arises naturally from evolutionary branching of competitive strategies (as determined by ecotype). Assortative mating results from evolutionary branching of male and female mating strategies. Speciation is completed when, in addition, a genetic association (i.e., linkage disequilibrium) develops between ecotypes and mating types, giving rise to reproductively isolated and, at the same time, ecologically differentiated daughter species.

Are diverging preferences required for speciation? {#Sec6}
==================================================

The results discussed above suggest that ecological specialisation and sexual selection have to work hand in hand in order to achieve adaptive speciation. From this perspective, it is somewhat paradoxical that virtually all sexual selection models of speciation are based on Fisherian runaway. Fisherian runaway selection is interesting from a theoretical point of view in that it demonstrates how preferences can evolve for ornaments that are quite arbitrary and in fact a burden for their carriers as far as natural (i.e., viability) selection is concerned. In contrast to Fisherian runaway, where natural and sexual selection may be viewed as opposing forces, the two flavors of selection work much more in concert when other forms of sexual selection are considered. This is in particular the case when female preferences are targeted at male characters that signal a high genetic quality (*good genes* sexual selection) or the ability to supply resources like paternal care (*direct benefits* sexual selection). When male ornaments are indicators of high genetic or phenotypic quality, then sexual selection is automatically interlocked with natural selection, and one might therefore expect that good genes or direct benefit sexual selection could boost disruptive natural selection in driving speciation.

There is, however, a good reason why sexual selection models have focused on Fisherian runaway selection. Virtually all these models sought a role of sexual selection as a driving force behind the divergence of mating strategies. Such a divergence is not implausible in case of Fisherian runaway selection: since a Fisherian runaway process can be based on any *arbitrary* male trait, it easy to imagine that it runs in different directions in different (daughter) populations. The situation is fundamentally different in case of good genes or direct benefit sexual selection. Here the male ornament under focus has a 'meaning,' since it acts as an *indicator* of genetic or phenotypic quality (Andersson [@CR4]). Accordingly, mate choice based on such indicator traits has a clear directionality, making it difficult to conceive how sexual selection could lead to the divergence of preferences between two nascent species.

Recently, we demonstrated by means of a good genes model that the divergence of mating preferences is actually not required to give sexual selection a crucial role in adaptive speciation (Van Doorn et al. [@CR110]). The idea behind this model is illustrated in Fig. [8](#Fig8){ref-type="fig"}. Imagine a patchy environment where the habitat patches differ in ecological conditions (here symbolised by seeds of different size). The individuals of a consumer species may differ in their food exploitation strategy (here indicated by bill size), analogously to the situation in Fig. [2](#Fig2){ref-type="fig"}. In the situation depicted in Fig. [8](#Fig8){ref-type="fig"}, a small-billed bird has the highest food intake (and hence the highest viability) in habitat 1, while a large-billed bird has the highest food intake in habitat 2. We assume that birds with medium bill size perform worse when averaged over both habitats than either small- or large-billed birds. Hence natural selection is stabilising within habitats and disruptive at the level of the entire population. Computer simulations (based on Levene\'s soft selection model; Levene [@CR62]) show that in the presence of gene flow between the two habitats disruptive selection does not easily result in speciation. Although selection constantly removes individuals with intermediate phenotypes (medium bill sizes) from the population, such individuals are created anew every generation as a result of migration between the habitats and recombination between different specialist genotypes. Even if migration between the habitats is limited, gene flow between habitats nevertheless prevents the population from splitting into two locally adapted species, unless disruptive selection is unusually strong. Fig. 8Speciation through the joint action of disruptive natural selection and sexual selection for an ornament signalling local adaptation. Two habitats differing in ecological conditions (symbolized by *seed size*) exert natural selection on an ecological character (*bill size*). Selection is disruptive, since birds with intermediate bill size have averaged over habitats, a lower viability that the birds specialised on one of the two habitats. Yet, speciation will only occur if migration between habitats is very low and/or selection against intermediate types is very intense. This changes when selection for a condition-dependent ornament (*red plumage*) is added to the model. Since only birds in good condition are able to express the ornament (small-billed birds in habitat 1, large-billed birds in habitat 2), the ornament acts as an indicator of local adaptation. Although female preferences do not differ in the two habitats, sexual selection intensifies disruptive natural selection and facilitates the evolution of reproductive isolation

The situation changes if we consider the possibility of sexual selection for an ornament (red plumage color in Fig. [8](#Fig8){ref-type="fig"}) that is expressed in a condition-dependent manner. In natural systems, this is a common situation (e.g., Griffith et al. [@CR42]; Moczek and Emlen [@CR74]; David et al. [@CR16]; Hill [@CR44]; Jensen et al. [@CR46]; Miller and Emlen [@CR73]). In the scenario considered here, individuals differ in their degree of local adaptation. If this is the case, a condition-dependent ornament functions as an indicator for the degree of local adaptation, since only those individuals that well-adapted to the local environment will be in a good condition and, hence, able to develop a bright plumage (in Fig. [8](#Fig8){ref-type="fig"}, the short-billed birds in habitat 1 and the long-billed birds in habitat 2). Once a female preference for such an indicator of local adaptation has arisen, it can readily spread in the population. In fact, females benefit from mating with locally adapted males, because on average, this decreases the probability of producing offspring with intermediate phenotype, which in this model have a lower fitness. A preference for locally adapted mates is even more advantageous when offspring are more likely to end up in the same habitat as the parents (for example, when individuals are philopatric to some degree) or exert matching habitat choice on the basis of their ecological phenotype (Edelaar et al. [@CR26]). It is therefore not surprising that---in line with earlier models (Proulx [@CR83]; Lorch et al. [@CR64]; Reinhold [@CR86])---mate choice based on a condition-dependent ornament does readily evolve.

This has important implications for speciation. First, sexual selection intensifies disruptive natural selection. Males which are ecologically not well adapted to the local conditions (e.g., a large-billed bird in habitat 1) do not only have an ecological disadvantage, but also a mating disadvantage, since they are not are not in the condition to develop the bright plumage preferred by females. Second, sexual selection creates or strengthens assortative mating with respect to the ecological strategy, since it reduces the rate of interbreeding between specialists for different habitats. In the rare event that habitat specialists do interbreed, sexual selection effectively removes 'hybrid' sons from the mating pool, since these sons are in poor condition in either habitat and therefore not able to develop the bright plumage required to attract mates.

Thus, mate choice based on a condition-dependent ornament intensifies both disruptive natural selection and assortative mating. On the other hand, disruptive natural selection favours the evolution of (costly) female preferences, since it creates and maintains variation in genetic quality. Without such variation, the benefits or being choosy are small and easily dominated by the costs of choice (the 'lek paradox;' Kotiaho et al. [@CR56]; Kokko and Heubel 2008). Accordingly, natural and sexual selection work hand in hand, mutually reinforcing each other and paving the way to adaptive speciation (Fig. [9](#Fig9){ref-type="fig"}). While pure ecological speciation only occurs under rather extreme conditions (strong disruptive selection, strong tendency towards philopatry), the conditions allowing for selection-driven speciation are considerably relaxed once sexual selection is added to the model (for details, see Van Doorn et al. [@CR110]; for a similar model based on local adaptation of the immune system see Eizaguirre et al. [@CR27]). Fig. 9Sexual selection facilitates speciation through disruptive natural selection even in the absence of diverging preferences (after Van Doorn et al. [@CR110]). In the absence of sexual selection, disruptive selection for ecological specialisation will typically not lead to speciation, but to a broad distribution of ecological characters (*bill sizes*). The variation in ecological characters, many of which not well adapted to local circumstances, creates favourable conditions for the spread of costly female preferences for a costly condition-dependent male ornament (*plumage colour*). Once this preference has evolved, natural and sexual selection mutually reinforce each other, eventually leading to reproductively isolated ecological specialist species

We can conclude that the divergence of preferences and mating signals is not really required to give sexual selection an important role in adaptive speciation. For several reasons, good-genes (or direct-benefit) sexual selection based on condition-dependent ornaments seems to be better suited to resolve the core problems of adaptive speciation theory than disruptive sexual selection based on diverging runaway processes. First, local adaptation and condition-dependent mating signals are ubiquitous in natural populations (e.g., Griffith et al. [@CR42]; Moczek and Emlen [@CR74]; Qvarnström [@CR85]; David et al. [@CR16]; Hill [@CR44]; Dolgin et al. [@CR25]; Jensen et al. [@CR46]; Miller and Emlen [@CR73]; but see Cotton et al. [@CR12]). The idea that sexual ornaments signal the degree of local adaptation is therefore plausible and applicable to many natural systems (e.g., Hunt et al. [@CR45]; Kokko and Heubel [@CR53]). Second, when the environment is heterogeneous, sexual selection for condition-dependent ornaments can easily get off the ground (Proulx [@CR83]; Lorch et al. [@CR64]; Reinhold [@CR86]; Van Doorn et al. [@CR110]). In contrast, diverging runaway selection requires a broad variation in female preferences, which---as discussed in detail above---is not easy to achieve. Third, the interaction of disruptive ecological selection and sexual selection for local adaptation does not suffer from one of the main obstacles to speciation: the evolution of sufficiently strong genetic associations between ecological and mating strategies (Arnegard and Kondrashov [@CR5]; Gavrilets [@CR35]; Bolnick and Fitzpatrick [@CR10]). Since the same type of preference spreads in both nascent species, the evolution of assortative mating and reproductive isolation depends on a "one-allele" mechanism sensu Felsenstein ([@CR29]). It is well-acknowledged in the speciation literature that speciation is much more easy to achieve in "one-allele" models than in "two-allele" models.

The model of Van Doorn et al. ([@CR110]) does not directly explain why closely related species tend to differ most markedly with respect to mating traits and secondary sexual characters (e.g. Panhuis et al. [@CR78]; Ritchie [@CR89]). In contrast to sexual selection models based on diverging mating strategies, the same kind of preference (in Fig. [8](#Fig8){ref-type="fig"}: a preference for a red plumage) is present in both nascent species. In other words, the resulting daughter species are more cryptic than in traditional models of speciation by sexual selection. However, this may only be a transient state. Once the incipient daughter species become reproductively isolated, their evolution is also becoming decoupled, allowing the accumulation of differences in mating characters, for instance via arms races between the sexes caused by sexual conflict (Parker and Partridge [@CR79]; Gavrilets [@CR33]) or by (separate) runaway processes in one or several populations.

Concluding remarks {#Sec7}
==================

Due to theoretical developments in the past two decades, adaptive speciation (that is, speciation fully driven by natural and/or sexual selection) has become much more plausible than traditional models seem to suggest. The concept of evolutionary branching reveals how a stable regime of disruptive natural selection can be created and maintained in a plausible and realistic way. However, ecological models of speciation still suffer from the problem that assortative mating leading to reproductive isolation will only evolve under rather specific conditions. Sexual selection models can, in principle, explain the divergence of mating strategies and, hence, the evolution of reproductive isolation. However, most of these models rely on the simultaneous occurrence of two Fisherian runaway processes, which will only occur in the presence of large variation in female preferences. Although various processes can produce the required variation (e.g., mutation-selection balance; disruptive selection on both female preferences and male traits), their prerequisites seem too restricted to view disruptive sexual selection as a general mechanism driving the evolution of reproductive isolation under a broad range of conditions. Even if disruptive sexual selection leads to reproductive isolation, additional factors are required to guarantee the stable coexistence of the nascent species. In principle, ecological differentiation allowing stable coexistence and reproductive isolation preventing interbreeding can both be achieved if disruptive natural selection and disruptive sexual selection are acting at the same time. Adaptive speciation in the purest sense of the word is indeed feasible under this scenario, but again under highly restrictive conditions. In particular, it is not sufficient that the conditions for the divergence of ecological and mating strategies are both satisfied. In addition, there has to be a mechanism allowing the evolution of a genetic association of the genes underlying ecological and mating strategies.

In view of the above constraints, many evolutionary biologists are still sceptical towards the idea of adaptive speciation. By means of a model not requiring diverging mating strategies we have shown, however, that this scepticism may not be justified. Speciation driven by the joint action of natural and sexual selection may indeed be unlikely if both processes are completely decoupled, as most present-day models tend to assume. Many obstacles on the road to speciation can be overcome, however, if one realises that not only natural selection but also sexual selection is strongly dependent on environmental conditions (Endler [@CR28]). As a consequence, natural and sexual selection can favour the same traits, thereby mutually reinforcing each other (as in the case of condition-dependent ornaments discussed above). Even if this is not the case, it is conceivable that environmental differences create the genetic associations between ecological and mating strategies required for speciation if different combinations of ecotypes and mating types are favoured in different environments (e.g., Kawata et al. [@CR48]). This requires environment-dependent natural selection on the one hand and environment-dependent sexual selection on the other. In our opinion, the final word on the empirical relevance of adaptive speciation theory has not yet been spoken.
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